Neurogenesis occurs in restricted regions in the adult mammalian brain, among which the neurogenesis in the hippocampal dentate gyrus plays the crucial role in learning and memory. To date, little is known about neurogenic cues, which result in the neuronal fate adoption of neural stem cells residing in neurogenic regions, especially neurogenic cues in adult hippocampal neurogenesis. In the present study, we show that hippocampal astrocytes and also dentate granule cells adjacent to neural stem cells secrete a newly cloned novel secretory factor, Neurogenesin-1. This protein contains three cysteine-rich domains and a unique sequence and contributes to neuronal differentiation of neural stem cells in the adult brain by preventing the adoption of a glial fate. Furthermore, the neurogenic activity detected in the hippocampal culture medium was markedly suppressed by the administration of an anti-Neurogenesin-1 antibody. These findings suggest endogenous mechanisms that induce adult hippocampal neurogenesis and propose an innovative treatment for the neurodegenerative diseases that cause loss of hippocampal neurons.
Introduction
It is well established that neurogenesis occurs throughout development in the adult mammalian brain; however, it is restricted to specific regions: the subventricular zone and the hippocampal dentate gyrus (Fujita, 1986; Gage, 2000) . The previous in vitro isolation and graft experiments of neural stem cells showed the potential to differentiate toward neurons and glia, but in in vivo neurogenic regions, neuronal fate commitment is the predominant pathway. Recent studies confirmed the involvement of several basic helix-loop-helix (bHLH) transcription factors in neuronal fate determination of neural stem cells. These bHLH transcription factors include neurogenin1 and 2, Mash1, and Math1 (Guillemot et al., 1993; Ma et al., 1996; Ben-Arie et al., 1997; Fode et al., 1998; Sun et al., 2001 ). However, the neurogenic environmental cues that result in neurogenesis in some restricted regions remain to be elucidated. Recent data revealed that ependymal cells adjacent to the subventricular zone were implicated in neurogenesis (Lim et al., 2000) ; however, to date, the neurogenic cues, especially in the adult hippocampal dentate gyrus, which is considered to be crucial for learning and memory (Gould et al., 1999) , are less understood.
Previous studies have demonstrated that bone morphogenetic proteins (BMPs) alter the fate of neural stem cells from neurogenesis to astrocytogenesis by upregulating the expression of the negative HLH factors Id1, Id3, and Hes5 (Gross et al., 1996; Nakashima et al., 2001; Yanagisawa et al., 2001) . Additional observations that BMPs and their receptors are continuously expressed in the adult brain (Soderstrom et al., 1996; Ebendal et al., 1998; Charytoniuk et al., 2000) led us to the notion that BMPs may be involved in adult neurogenesis. The BMP antagonists that bind to BMPs and consequently prevent activation of BMP receptors (Sasai et al., 1995; Sasai, 2001 ) are the potential molecules that direct neural fate commitment of neural stem cells and can provide neurogenic cues for neural stem cells in the adult brain. Astrocytes residing in the neurogenic regions are one of the possible sources for providing such cues.
In the present study, we show that astrocytes mainly secrete a novel secretory factor, Neurogenesin-1 (Ng1), and are involved in adult neurogenesis. Ng1 was composed of three cysteine-rich domains characteristic of BMP antagonists and the following unique segments. Ng1 mRNA was intensely expressed in the hippocampus and moderately around the lateral ventricle in the adult brain. Immunohistochemistry revealed that astrocytes in the hippocampal dentate gyrus abundantly secreted Ng1. It was also observed that dentate granule cells considerably expressed Ng1. These patterns of Ng1 expression demonstrate that Ng1 plays a key role in adult hippocampal neurogenesis.
Additional experiments showed that the supernatant of dissociated hippocampal cultures resulted in the neuronal fate adoption of neural stem cells, and that anti-Ng1 antibody blocked such neurogenic activities. These data suggest that the hippocampus secretes the soluble neuronal determinant and implicate the endogenous expression of Ng1 as a neurogenic cue.
Together, the results of this study demonstrate that astrocytes and some neighboring neurons residing in neurogenic regions of the adult brain, especially in the hippocampal dentate gyrus, secrete a newly cloned secretory factor, Ng1, and contribute to provide neurogenic cues for neural stem cells. Our findings may shed light on endogenous neurogenic cues in adult neurogenesis that were ignored previously.
Materials and Methods
Astrocyte culture. Astrocyte cultures were primarily cultured from the adult Wistar rat hippocampi, as described previously (Banker and Cowan, 1977; Ueki et al., 1993) . Astrocytes were grown to confluence and maintained in passage in DMEM low glucose (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS) and penicillin-streptomycin until use.
Cloning of Ng1 cDNA. The total RNA was isolated from adult Wistar rat hippocampal astrocyte cultures using Isogen (Nippon Gene, Tokyo, Japan), and subsequently, reverse transcripts were prepared using True Script II reverse transcriptase (Sawady, Tokyo, Japan). The synthesized cDNA was subjected to the degenerate PCR in a low stringency. The primers contained the sequences coding BMP-binding modules and the adjacent sequences found in chordin. The primer pairs used were as follows: sense primer 5Ј-GGWGAGNNTGGCACCC-3Ј and antisense primer 5Ј-GGGTGCCANNKC-TCWCC-3Ј. The synthesized DNA was elongated using a GeneRacer rapid amplification of cDNA ends (RACE) kit (Invitrogen) in accordance with the protocol of the manufacturer. The sequence of isolated cDNA was analyzed using a DYEnamic ET terminator cycle sequencing kit (Amersham Biosciences, Little Chalfont, UK) and ABI Prism 310 genetic analyzer (Applied Biosystems, Foster City, CA).
Northern blotting. Northern blot analysis was performed as described previously (Ueki et al., 2001) . Briefly, 10 g of total RNA prepared from astrocyte culture of the adult rat hippocampus was separated electrophoretically and blotted onto the nylon membrane (Osmonics, Minnetonka, MN). The cDNA coding Ng1 was labeled with [␣-32 P]deoxy-CTP (PerkinElmer Life Sciences, Boston, MA) using the Megaprime DNA labeling system (Amersham Biosciences), and the hybridized membrane was exposed to x-ray film.
Microinjection of Ng1 mRNA to Xenopus embryos. Fertilized embryos were prepared as described previously (Newport and Kirschner, 1982) . Capped synthetic mRNAs were generated by in vitro transcription of linearized pCS2ϩ vectors with the inserts as described previously, and RNA was microinjected according to published procedures (Tanaka et al., 1998) . Embryos were fixed in 0.1 M morpholinopropane sulfonic acid , 2 mM EGTA, 1 mM MgSO 4 , and 3.7% formaldehyde for 1 hr, embedded in plastic according to the instructions of the manufacturer (JB-4; Polysciences, Warrington, PA), and sectioned at 5 m. Sectioned tissue was stained with hematoxylin and eosin.
In situ hybridization. Male Wistar rats at various ages [embryonic day 17 (E17) and postnatal day 1 (P1), P7, P14, and P49; n ϭ 3 at each time point] were decapitated under diethylether anesthesia. The fresh brains were quickly removed and immediately frozen on powdered dry ice. Serial sections (20 m thick) were cut on a cryostat, thaw-mounted onto Figure 1 . a, The amino acid sequences and structure of newly cloned Ng1. The italics in the N terminus stand for the putative signal peptide. The underlined sequences indicate the three cysteine-rich domains. The first and third cysteine-rich domains contained BMP-binding modules (amino acid sequences, WHP). In the schema of the structure, SP indicates signal peptide and CR indicates cysteine-rich domains. b, The comparison of CR found in Ng1 and chordin (Chd). The third cysteine-rich domain (CR3) of Chd showed a similarity in sharing three cysteine-rich domains (CR1-CR3). The underlined letters indicate the identical sequences in cysteine-rich domains. c, Northern blot analysis revealed a 3.9 kb transcript and intense expression of Ng1 in astrocytes of the adult hippocampus. dpm/ml, 0.2 ml/slides) for 24 hr at 41°C. After hybridization, the sections were rinsed in 1ϫ SSC, pH 7.2, for 10 min, followed by rinsing three times in 1ϫ SSC at 55°C for 20 min each time. The sections were then dehydrated through a graded ethanol series (70 -100%). After film exposure for 3 d at room temperature, the sections were coated with Kodak NBT-2 emulsion (Eastman Kodak, Rochester, NY) and diluted 1:1 with water. The sections were then exposed at 4°C for 2-4 weeks in a tightly sealed dark box. After being developed in D-19 developer (Eastman Kodak), fixed with photographic fixer, and washed with tap water, the sections were counterstained with thionin solution to allow morphological identification. Antisense oligo cDNA probes for detecting Ng1 mRNA were as follows: antisense 1 (AS1), 5Ј-TTGACTTTGGGGTTTTGGAGCA-CTGTTGACTTAAGT-3Ј and AS2, 5Ј-TCGC-ACCACGAGGGAGCAGAGGCTCGCTTGG-CTCCA-3Ј.
The specificity of the probes has been confirmed using control experiments, as shown in our previous study (Kanaka et al., 2001 ). The probes were labeled at the 3Ј end using [
35 S]dATP [1000 -1500 Ci/mmol (37-55.5 TBq/mmol); PerkinElmer Life Sciences] and terminal deoxynucleotidyl transferase (Takara, Otsu, Japan) to obtain a specific activity of ϳ1.4 -2.0 ϫ 10 9 dpm/mg. Immunohistochemistry and preparation of anti-Ng1 antibody. Cryosections (20 m thick) of the adult rat brain were mounted on poly-L-lysinecoated glass and fixed in 4% paraformaldehyde in 0.1 M PB, pH 7.2, for 20 min at 4°C. The sections were then treated with 10% normal goat serum, 2% bovine serum albumin, and 0.2% Triton X-100 in 0.1 M PB, pH 7.2, for 20 min at room temperature and incubated further in anti-Ng1 (1: 100) and anti-glial fibrillary acidic protein (GFAP) (1:800; Chemicon, Temecula, CA), anti-neuron-specific enolase (NSE) (1:800; Chemicon), and anti-myelin proteolipid protein (PLP) (1:100; Chemicon) antibodies. After washing, sections were incubated in Alexa Fluor 546 anti-rabbit IgG (1:2000; Molecular Probes, Eugene, OR) and Alexa Fluor 488 antimouse IgG (1:1000; Molecular Probes). Anti-Ng1 antibody was prepared according to ordinary methods described previously. KLH-conjugated oligopeptides LERPEKDHC (513-521) were immunized against New Zealand White rabbits followed by bleeding out. Antiserum was purified by CM Affi-Gel blue gel (Bio-Rad, Hercules, CA). The adult hippocampal astrocytes were homogenized and subjected to Western blotting with anti-Ng1 antibody. The antibody was certified by an ϳ50 kDa single band (data not shown).
Neural stem cell culture and cell typing. Neural stem cells were primarily cultured from the P14 or P35 Wistar rat hippocampus. The hippocampus was dissected and mechanically dissociated by Pasteur pipette. Dissociated cells were incubated for 3 d in a poly-L-lysine-coated 24 well plate (Sumitomo Bakelite, Tokyo, Japan) in DMEM-F12 (Invitrogen) containing an N-2 supplement (Invitrogen) and 20 ng/ml human recombinant basic fibroblast growth factor (bFGF) (Genzyme Techne, Cambridge, MA). Cells were maintained in passage and then transferred to a poly-L-lysine-coated 13.5 mm coverslip (Sumitomo Bakelite) laid in a 500 l medium-filled well with a density of 5 ϫ 10 2 cells/ml for the examination. The cells were Figure 2 . Phenotype of embryos microinjected with Ng1 mRNA into a single ventral blastomere at the eight cell stage (1.6 ng of RNA per embryo). Ng1 mRNA-injected embryos exhibit a secondary axis (arrow) at stage 36. The top embryo in a is a waterinjected control. b, In typical embryos, the cement gland (cg) was formed in the secondary axis. c, Histological analysis of Ng1-injected embryos. Injected embryos were allowed to develop until stage 36 and were then fixed, sectioned, and stained with hematoxylin-eosin. Transverse sections are at the level of the trunk. Note the ectopic notochord (no), somites (so), and neural tube (nt) in the secondary axis (left). Scale bar, 100 m. The protein synthesis and administered reagent. The coding region of Ng1 cDNA lacking BMP-binding modules was cloned using Mutan-Super Express Km (Takara). Subsequently, the cDNA coding Ng1 or Ng1 mutant was ligated to the expression vector CXN2, and the vector was then transfected to COS-7 cells in Opti-MEM I reduced-serum medium (Invitrogen) using Lipofectamine Plus Reagent (Invitrogen). The cells were maintained for 48 hr, and the culture medium was harvested. Finally, the secreted Ng1 or Ng1 mutant protein was purified from the culture medium using Microcon filter units (Millipore, Bedford, MA) according to the protocol of the manufacturer. For the control, the vector was solely transfected to COS-7 cells, and the equally processed culture medium was used. Neural stem cells were incubated in DMEM-F12 containing ϳ50 ng/ml Ng1 or Ng1 mutant protein. Subsequently, 10 ng/ml BMP-4 (Wako, Osaka, Japan) was administered to the culture.
Tissue culture preparation. The hippocampus, cerebellum, spinal cord, and meninges were dissected from a P14 Wistar rat and digested in papain solution (Worthington, Lakewood, NJ) for 30 min. Then the tissues were mechanically dissociated using a Pasteur pipette. Next, 5 ϫ 10 6 cells were incubated in DMEM low glucose (Invitrogen) containing 10% FBS for 3 d at 37°C and incubated further in serum-free DMEM for 24 hr at 37°C. Finally, the culture supernatant was harvested for use.
The administration of anti-Ng1 antibody and the oligopeptide antigen. The purified anti-Ng1 antibody was solved in PB, pH 7.2, and antibody (50 g/ml) was administered. For the neutralization, synthesized oligopeptide antigen of anti-Ng1 antibody (50 g/ml) was used. For the control, 10% normal rabbit serum was administered.
Results
The cloning of Neurogenesin-1 cDNA from adult hippocampal astrocytes and its characteristic structure To clone astrocyte-derived factors interacting with BMPs, we prepared reverse transcripts from mRNA of adult hippocampal astrocytes. Referring to proposed BMP-binding modules in chor- din (Sasai et al., 1994; Larrain et al., 2000) , we designed degenerate PCR primers and cloned a fragment of cDNA. The amplified product was subjected to 5Ј and 3Ј RACE for elongation, and subsequently, an oligocapping method was applied for additional cloning of 5Ј end. As a result, we cloned the 3893 bp full-length cDNA of a novel astrocyte-derived factor, Neurogenesin-1 (after neurogenesis) (GenBank accession number AB080636). The coding region of cDNA was 1566 bp, and the expected molecular weight of its coding protein was ϳ50 kDa. Ng1 contained a putative signal peptide in its N terminus and three cysteine-rich domains that shared similarities with chordin (Fig. 1a,b) . Northern blot analysis indicated a 3.9 kb transcript in adult hippocampal astrocytes (Fig. 1c) .
Ng1 antagonizes BMP-4 and causes dorsalization of ventral ectoderm consistent with its shared structural feature among BMP-4 antagonists
The cysteine-rich domains contained in Ng1 suggested its potential function in the dorsalization of ectoderm, as was proposed in chordin or other BMP-4 antagonists. To explore the function of Ng1, in vitro synthesized capped mRNA-encoding Ng1 was microinjected into the ventral blastomere of Xenopus embryos at the eight cell stage. As a consequence, the secondary dorsal axes forming at the site of injection were observed at high frequency by the expression of Ng1. When Ng1 mRNA (1.6 ng of RNA per embryo) was injected, 60% of the surviving embryos had a partial secondary dorsal axis at the tadpole stage (Fig. 2a) . This effect was dose dependent such that the frequency of this phenotype rose as the amount of injected RNA increased (Table 1) . Complete secondary axes with eyes were not detected in any microinjected embryo, although a few embryos showed secondary axes containing a cement gland as shown in Figure 2b . Histological analysis verified that the dorsal tissues in the secondary axis contained the notochord, somites, and neural tube, as shown in Figure 2c . This result indicates that Ng1 contributes to induction of a dorsal structure through binding to BMP-4.
Ng1 mRNA is preferentially expressed in neurogenic regions throughout brain development
To investigate the implication of Ng1 in neurogenesis, its spatial and temporal expression patterns in the brain were examined using in situ hybridization. In the embryonic brain (at E17), Ng1 mRNA was intensely expressed in ventricular zones and also in the retina, where vigorous neurogenesis takes place (Fig. 3a) . In later development, this abundant expression was gradually confined to the dentate gyrus of the hippocampus and the subventricular zone adjacent to the lateral ventricle (Fig. 3b,c) . Weak signals were also observed throughout the brain (Fig. 3b,c) . Additional intense expression was found along the rostral migratory stream in postnatal brains (Fig. 3b,c) (Lois et al., 1996) . Interestingly, high-magnification images confirmed that Ng1 mRNA expression in the dentate gyrus of the hippocampus, where neurogenesis persists until adulthood, gradually increased with development ( Fig. 3d-g ). There was also considerable expression in the subventricular zone and the hippocampal CA1 region (Fig.  3d-g ). Bright-field observation revealed that Ng1 mRNA was intensely expressed by small-sized glial-like cells in the adult cerebral cortex (Fig. 3d) .
Ng1 is prominently expressed in the hippocampal subgranular zone of the adult brain
We subsequently examined the cell type expressing Ng1 in the adult brain. We performed immunohistochemistry using antibody raised against Ng1, anti-GFAP (astrocyte marker) antibody, anti-NSE (neuronal marker) antibody, and anti-myelin PLP (oligodendrocyte marker) antibody. Double labeling by anti-Ng1 (Fig. 4a) and anti-GFAP (Fig. 4b) antibodies revealed that cells intensely expressing Ng1 in the granule cell layer of the adult hippocampus were mainly astrocytes (Fig. 4c) . Double labeling Note that GFAP-positive astrocytes in the granular cell layer of the dentate gyrus abundantly express Ng1 (a-c). Double labeling by anti-Ng1 ( d) and anti-NSE ( e) antibodies also showed that dentate granule cells considerably expressed Ng1 ( f). In contrast, double labeling by anti-Ng1 ( g) and anti-PLP ( h) antibodies showed that oligodendrocytes did not express Ng1 ( i). j-l, Double labeling showing cellular characterization of Ng1-positive cells in the subventricular zone of the adult rat brain. Note that Ng1 is intensely expressed in GFAP-positive astrocytes in the subventricular zone. In addition, the choroidal plexus also expresses Ng1. ch, Choroidal plexus; Gr, the granular layer of the dentate gyrus; LV, lateral ventricle; SVZ, subventricular zone. Scale bar, 100 m.
by anti-Ng1 (Fig. 4d ) and anti-NSE (Fig. 4e) antibodies showed that dentate granule cells also considerably expressed Ng1 (Fig.  4f ) . In contrast, double labeling by anti-Ng1 (Fig. 4g ) and anti-PLP (Fig. 4h) antibodies showed that Ng1 was not detected in oligodendrocytes (Fig. 4i) . Additional immunocytochemical analysis showed that Ng1 was also expressed in astrocytes residing in the subventricular zone of the lateral ventricle (Fig. 4j-l ) . Anti-Ng1 antibody staining additionally revealed expression of Ng1 in choroidal plexus (Fig. 4j) . These results suggest that astrocytes in the hippocampal dentate gyrus, where adult neurogenesis occurs persistently, mainly express Ng1 in abundance, and are implicated in neurogenic environmental cues in the adult brain.
Ng1 antagonizes BMP-4 and results in neuronal fate adoption of hippocampal neural stem cells
Because of the abundant expression of BMPs in the adult hippocampus, we examined the role of Ng1 in adult neurogenesis in vitro. Ng1 or Ng1 mutant lacking BMP-binding modules (Fig.  5a ) was derived from the culture supernatant of COS-7 cells that were transfected with the expression vector CXN2, including Ng1 or Ng1 mutant cDNA. Each was administered to the neural stem cell culture prepared from the P35 rat hippocampus and preincubated for 3 hr. Subsequently, BMP-4 was added to the culture systems, and they were incubated further for 4 d. After incubation, the ratios of the neuronal marker (MAP2a,b positive) and astrocyte marker (GFAP positive) were quantified. As a result, Ng1 significantly increased the ratio of MAP2a,b-positive neurons, whereas the ratio of GFAP-positive astrocytes decreased (Fig. 5b,c) . In contrast, Ng1 lacking BMP-binding modules did not significantly increase the ratio of MAP2a,bpositive neurons but increased the ratio of GFAP-positive astrocytes, as was seen in BMP-4 solely administered culture (Fig.  5b,c) . These results indicated that Ng1 binding to BMP-4 interfered with its function and resulted in the glial fate adoption of neural stem cells. Sole administration of Ng1 slightly increased the ratio of MAP2a,bpositive neurons and instead decreased the ratio of GFAP-positive astrocytes.
Hoechst nuclear staining indicated that Ng1 did not significantly affect the survival of cells after 0, 2, and 4 d (Fig. 6a) . To examine the possibility that Ng1 induces astrocyte-specific cell death and as a result decreases the ratio of astrocytes, the ratio of dead astrocytes in the culture with or without Ng1 after 2 d was quantified (Fig. 6b) . The results showed that astrocytic cell death was not induced by Ng1, suggesting that the reduction in the ratio of astrocytes by Ng1 was not caused by the specific killing of astrocytes but may be caused by the neuronal fate adoption of neural stem cells.
Ng1 provides neurogenic cues for neural stem cells residing in the adult hippocampus
The neurogenic activity of Ng1 endogenously expressed in the hippocampus was then examined. We examined the neurogenic activity of various regions in the CNS, using the dissociated cultures of various CNS tissues. The culture supernatants were harvested after incubating tissues for 3 d. We subsequently incubated P14 hippocampal neural stem cells in the various culture supernatants for 4 d and analyzed the ratio of MAP2a,b-positive neurons. The result showed that the hippocampal culture supernatant significantly increased the ratio of MAP2a,b-positive neurons compared with other supernatants (Fig. 7a) . On the basis of these findings, we assessed the involvement of Ng1 in hippocampal neurogenic cues. The supernatant of dissociated hippocampal cultures from P14 rats was preincubated with antiNg1 antibody for 2 hr before the administration to neural stem cells. Neural stem cells were incubated further for 4 d, and the ratios of MAP2a,b-positive neurons and GFAP-positive astrocytes were quantified. Consequently, the ratio of MAP2a,bpositive neurons significantly decreased in the culture supernatant pretreated with anti-Ng1 antibody (Fig. 7b) , whereas the ratio of GFAP-positive astrocytes increased. These results indicated that anti-Ng1 antibody suppressed the neurogenic activity in the supernatant of dissociated hippocampal cultures, and that Ng1 was involved in the neurogenic cues in the hippocampus.
Discussion
The factors involved in adult hippocampal neurogenesis are only beginning to be understood. We cloned and characterized a new astrocyte-derived factor, Ng1, which appears to be involved in adult hippocampal neurogenesis. Ng1 contains an N-terminal signal peptide and three cysteine-rich domains and shares similarity with chordin, a BMP-4 antagonist (Abreu et al., 2002) . The C-terminal segments were composed of amino acid sequences unique to Ng1. The structural features of Ng1 suggest the ability of Ng1 to bind to BMP-4 at the BMP-binding modules residing in cysteine-rich domains. Other potential functions that may be attributed to this characteristic segment remain to be elucidated. The dorsalization of ventral ectoderm indicates that Ng1 binds to BMP-4 in the cysteine-rich domains and antagonizes it. The ability of Ng1 to influence formation of the secondary axis was less robust than in ventral ectoderm exposed to chordin. These differences in activity may come from another cysteinerich domain that chordin possesses in the C terminus, which provides stability to the chordin-BMP-4 complex, resulting in increased activity when compared with Ng1. The finding that Ng1 showed dorsalizing activity and was ubiquitously expressed in neurogenic regions of the embryonic brain suggests a crucial role for Ng1 in dorsoventral axis formation. Because other BMP antagonists have similar functions in dorsoventral axis formation, the unique functions of Ng1 can be attributed to the spatiotemporal expression pattern characteristic of Ng1.
The intense expression of Ng1 mRNA in the postnatal brain was gradually confined to the hippocampus and to the neighboring subventricular zone of the lateral ventricle, where adult neurogenesis persists. This spatiotemporal expression pattern of Ng1 indicates that Ng1 participates in the neurogenic environmental cues in these regions. The data also showed that Ng1 was expressed ubiquitously but moderately throughout the brain. As was reported recently, BMPs have been implicated in multiple aspects of neural development, including the proliferation and differentiation of neural progenitor cells (Mehler et al., 2000) . Ng1 may function in the modulation of BMP activity. The immunocytochemical analysis in the adult brain showed that Ng1 was prominently expressed in the hippocampal dentate gyrus and the subventricular zone of the lateral ventricle, and this finding supports the theory that Ng1 participates in adult hippocampal neurogenesis as well.
The proposed implication of Ng1 in adult neurogenesis was examined further using the hippocampus-derived neural stem cell culture. Our data revealed that Ng1 antagonizes BMP-4 and alters the fate commitment of neural stem cells from gliogenesis to neurogenesis. We also confirmed that Ng1 lacking BMPbinding modules failed to induce neurogenesis. Previous reports that the ligand-binding activation of BMP receptor type II resulted in the glial fate adoption of the neural stem cell (Nakashima and Taga, 2002) might provide an explanation for our data. Because it was suggested recently that BMP signaling serves crucial functions for neuroplasticity and synaptic functions, it is possible that Ng1 may influence hippocampal plasticity by regulating the activity of BMPs. Additional analysis is required to elucidate the implication of Ng1 in neuron-glia interactions in the adult brain.
In the present study, we also demonstrated that the supernatant of dissociated hippocampal culture resulted in the neural commitment of neural stem cells, and that anti-Ng1 antibody antagonized the activity of the hippocampal culture medium. These results indicate that the hippocampal culture medium contained secreted Ng1, and that Ng1 supplied neurogenic cues in the hippocampus. Because the structural feature in the C terminus of Ng1 was unique and did not share any similarities with other BMP antagonists, it might be possible that the unique se- quence of Ng1 contributed to its neurogenic activity. Alternatively, Ng1 could interact with other neurogenic factors and indirectly contribute to neurogenesis. The recent studies showed that chordin bound to a secreted metalloproteinase, xolloid (Piccolo et al., 1997) . These findings raised the possibility that Ng1 interacts with proteolytic enzymes that may be active in neurogenesis. Compared with the neurogenic activity resulting from the antagonization of BMP-4, this direct effect on neural stem cells seems to be more moderate, as was observed in Figure 5b ,c. Together, the neurogenic activity of Ng1 is attributed to its ability to antagonize BMP-4 and to its intrinsic neurogenic activity.
Neurogenesis occurring in the adult hippocampus is considered to be crucial for the acquisition of learning and memory, but the neurogenic cues that generate the neural adoption of neural stem cells remain unknown. A recent study proposed that astrocytes were implicated in adult neurogenesis; however, the substance directing neurogenesis still remains to be elucidated (Song et al., 2002) . To date, several kinds of mitogens, such as bFGF and epidermal growth factor, were exogenously administered to stimulate the proliferation of neural stem cells, and these were seemingly successful in replenishing degenerating neurons (Nakatomi et al., 2002) . However, these mitogens were efficacious for various cells in the brain and could cause side effects. Our present study suggests that endogenous neurogenic cues might offer insights into the development and treatment of hippocampal neurodegeneration from a variety of insults. Figure 7 . a, The neurogenic activity of various regions in the CNS. Control, basal culture medium; CM-hippo, the supernatant of dissociated hippocampal culture; CM-cerebel, the supernatant of dissociated cerebellar culture; CM-SC, the supernatant of dissociated spinal cord culture; CM-fibro, the supernatant of meningeal fibroblast culture. b, The inactivation of hippocampal neurogenic activity after the administration of anti-Ng1 antibody. Control, Culture incubated in the basal medium; CM, culture incubated in the culture supernatant; CM ϩ ab, culture incubated in the culture supernatant preincubated with anti-Ng1 antibody; CM ϩ ag ϩ ab, culture incubated in the culture supernatant, which was preincubated with antigen-treated anti-Ng1 antibody; CM ϩ NRS, culture incubated in the culture supernatant preincubated with normal rabbit serum; ab, culture incubated in anti-Ng1 antibody. Error bars represent the mean Ϯ SEM of four replicates. 
